yperglycemia is due to a dysregulation in the complex mechanisms implicated in glucose homeostasis. Chronic hyperglycemia, as measured by hemoglobin A1c (HbA1c), is a key risk factor for the development of microvascular and macrovascular complications, which in turn negatively influence the prognosis of patients with diabetes. Several studies have shown that acute hyperglycemia can add to the effect of chronic hyperglycemia in inducing tissue damage. Acute hyperglycemia can manifest as high fasting plasma glucose (FPG) or high postprandial plasma glucose (PPG) and can activate the same metabolic and hemodynamic pathways as chronic hyperglycemia. Glucose variability, as expressed by the intraday glucose fluctuations from peaks to nadirs, is another important parameter, which has emerged as an HbA1c-independent risk factor for the development of vascular complications, mainly in the context of type 2 diabetes. Treatments able to decrease HbA1c have been associated with positive effects in terms of reducing risk for the development and progression of complications. Further studies are required to clarify the impact of strategies more specifically targeting components of acute hyperglycemia, to improve outcomes in patients with diabetes.
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Hormones implicated in glucose regulation include insulin, glucagon, amylin, glucagon-like petide-1 (GLP-1), glucose-dependent insulinotropic peptide, epinephrine, cortisol, and growth hormone. 3 These hormones act on several target tissues, including muscle, liver, adipocyte, and brain to regulate glucose levels. 3 Insulin is a key glucoregulatory hormone, produced by pancreatic β-cells, whose levels are low during the fasting state, whereas they increase during the postprandial phase, when insulin stimulates utilization of dietary glucose by peripheral tissues, and in the meantime represses hepatic glucose production. 4 Another important hormone regulating glucose metabolism is glucagon, produced by pancreatic α-cells during fasting conditions, when it induces hepatic glucose production through the activation of glycogenolysis and, with more prolonged fasting, also stimulation of gluconeogenesis. 5 A dysregulation in the mechanisms implicated in glucose homeostasis can cause acute or chronic hyperglycemia. 6 Decreased/assent insulin production and/or reduced insulin sensitivity are important contributing factors to the development of hyperglycemia and they represent the underlying abnormalities of diabetes. 4 Along with a decreased/absent insulin secretion, diabetes is also characterized by impaired glucagon production, which can predispose to the risk of hypoglycemia in these patients. 5 However, there is also extensive evidence that in patients with diabetes, hyperglycemia is often associated with hyperglucagonemia. 5 The combined alterations in insulin and glucagon production/secretion in diabetes is the reason why recently there has been increasing interest in developing new therapeutic strategies to achieve normoglycemia based on a bihormonal approach, delivering insulin and glucagon simultaneously. 5 In addition, the ongoing advances in the understanding of the complex hormonal regulation of glucose metabolism have also led to the development of new drugs to be implemented to treat hyperglycemia, such as GLP-1 or amylin analogs.
Type 2 diabetes (T2D) is the most common form of diabetes in adults, and is characterized by the presence of a state of insulin resistance associated with a progressive loss of β-cell function. 10 In recent years, concomitant with the growing epidemic of childhood obesity, there has also been the emergence of T2D among adolescents. Epidemiologic data indicate that in the US T2D now accounts for 8-87% of new cases of pediatric diabetes. 11, 12 Additional forms of diabetes include secondary diabetes, as a consequence of prolonged use of certain drugs, such as glucocorticoids, or occurring in the context of other diseases, such as cystic fibrosis, Cushing's syndrome; monogenic forms of diabetes, such as neonatal diabetes or the maturity onset diabetes of the young (MODY), due to defects in genes regulating insulin secretion; and gestational diabetes. 10 
Prediabetes and other earlier forms of dysglycemia
Prediabetes is a condition characterized by abnormal glucose concentrations, which however, are still below the cutoff for the diagnosis of diabetes. Prediabetes includes two main conditions: impaired fasting glucose (IFG), characterized by fasting glucose levels between 100 and 125 mg/dl, and impaired glucose tolerance (IGT), defined by 2-hour postload glucose levels between 140 and 199 mg/dl. 13, 14 Based on epidemiologic data, about 60% of adults with T2D when assessed 5 years prior to diagnosis present either IGT or IGF. 15 During more recent years there has been a lot of interest in identifying even earlier signs of dysglycemia, predictive of future risk of diabetes.
Recent reports have shown that 1-hour postload glucose concentrations ≥155 mg/dl is a predictor of future risk of T2D in adults of different ethnic backgrounds, even in the presence of normal fasting or 2-hour postload glucose levels. [15] [16] [17] [18] [19] In addition, this glucose cutoff is able to identify subjects with an impaired cardiometabolic profile, characterized by high blood pressure, dyslipidemia, liver steatosis, early signs of atherosclerosis, as well as an increased mortality. [20] [21] [22] [23] [24] [25] In children and adolescents, data on 1-hour postload glucose are not as extensive as in adults, but some preliminary studies have confirmed that a cutoff of 155 mg/dl, or even of 132 mg/dl, could predict future risk of T2D and identify young subjects with early cardiovascular abnormalities.
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Complications of hyperglycemia
High glucose concentrations can cause injury to a large number of organs and tissues. 6 Most cells can adapt the rate of intracellular glucose transport under hyperglycemia conditions, and they can protect the intracellular milieu from the negative effect of high glucose levels. In contrast, other cells, such as β cells, neuronal, and endothelial cells, are unable to activate this control of glucose afflux and they equilibrate their intracellular glucose level to the extracellular concentrations, and therefore are more susceptible to the effect of hyperglycemia. 1, 2, 28 In the context of diabetes, hyperglycemia can cause acute and chronic complications, which represent important determinants of morbidity and mortality, and have a negative impact on the prognosis of people affected by this disease. 29 
Acute complications of hyperglycemia
Hyperglycemia can cause serious acute complications, presenting as endocrine emergencies, such as diabetic ketoacidosis (DKA) and hyperosmolar hyperglycemic state (HHS). 30, 31 Both these conditions are caused by relative or absolute insulin deficiency associated with excessive counter-regulatory hormones (glucagon, growth hormone, cortisol, catecholamines).
Although both DKA and HHS can present across the whole age spectrum, DKA tends to be more common in young people with diabetes, whereas HHS is more common among older patients. 30, 31 For a long time it has been assumed that only patients with T1D were at risk of developing DKA, whereas HHS was a typical complication of patients with T2D.
However, it is now clear that both conditions can occur in the context of both T1D or T2D. 30, 31 In addition, it is also clear that there is some overlap between these two conditions. Some patients with HHS, especially when there is severe dehydration, can present mild or moderate acidosis that is mainly due to hypoperfusion/lactic acidosis.
On the other hand, some patients with T1D can present some features of HHS, such as severe hyperglycemia.
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Diabetic ketoacidosis
DKA is an acute life-threatening complication of diabetes, characterized by the triad of hyperglycemia (>250 mg/dl), metabolic acidosis (decreased pH and bicarbonates), and increased total body ketone concentration. DKA represents the initial manifestation of T1D in 13-80% of cases and it can also occur in up to 25% of cases of T2D at onset. In addition, DKA is a common complication in patients with known diabetes, where it may be the consequence of poor compliance with insulin treatment, acute illness, or malfunction of diabetes care equipment. 30, 31 Mortality associated with DKA is predominantly related to the occurrence of cerebral edema, which occurs in 0.3-1% of patients, whereas only a minority of deaths in DKA is due to other causes. 32 Early identification and treatment of DKA are essential to minimize the associated morbidity and mortality. Treatment of DKA requires strict monitoring of the patient, correction of hyperglycemia, acidosis and ketosis, and replacement of fluid and electrolyte losses. 30, 31 Another important action is the identification and treatment of precipitating events. Prevention of DKA at diagnosis is of paramount importance and should be based on intensive community interventions and education of Complications of Acute and Chronic Hyperglycemia healthcare providers to raise awareness. In addition, preventive strategies should be applied to avoid episodes of DKA in patients with an already known diagnosis of diabetes. This requires patient education and access to specific diabetes programs and services.
Hyperosmolar hyperglycemic state
HHS is the most serious acute hyperglycemic emergency in patients with T2D. Diagnostic criteria for this condition are glucose level >600 mg/dl and increased effective plasma osmolality >320 mOsm/kg, in the absence of ketoacidosis. 30, 31 The incidence of HHS is estimated to be <1% of hospital admissions of patients with diabetes and the associated mortality is 10-20%. There are no good data from randomized studies on the best management of HHS, which has been mainly extrapolated from studies of patients with DKA. In HHS, the goals of initial fluid therapy are to expand the intra-and extravascular volume, restore normal renal perfusion, and promote a gradual decline in serum sodium concentration and osmolality.
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Chronic complications of diabetes-vascular complications
Hyperglycemia is a key determinant of vascular complications of diabetes, also known as chronic diabetes complications. 33, 34 There is extensive evidence indicating that both acute and chronic hyperglycemia play a key role in the pathogenesis of these complications (see Figure 1 ).
Vascular complications of diabetes are divided into "microvascular" (such as retinopathy, nephropathy, and neuropathy) resulting from damage of the small vessels within the microcirculation of the kidney, retina, and neurons and "macrovascular," reflecting damage of large vessels and leading to cardiovascular disease. 34 As a result of microvascular complications, diabetes is an important determinant of blindness, end-stage renal disease, and a variety of debilitating neuropathies. Diabetic nephropathy is a common microvascular complication of diabetes, which manifests with progressive increases in urinary albumin excretion, along with changes in glomerular filtration rate, ultimately leading to the development of end-stage renal disease. Diabetic nephropathy represents the major cause of end-stage renal disease in both developed and developing countries and it is an independent risk factor for cardiovascular disease. 35 Diabetic retinopathy is one of the leading causes of blindness in people of working age. This complication can be diagnosed already after five years from the onset of diabetes, and almost all patients will show variable degrees of retinopathy after 20 years of diabetes. 36 Diabetic peripheral neuropathy is a common complication estimated to affect 30-50% of individuals with diabetes, although clinical symptoms do not generally occur until long after the onset of diabetes. Abnormalities of the autonomic nervous system can also occur in patients with diabetes, with early subclinical manifestations, such as decreased heart rate variability, being detectable within a year of diagnosis in patients with T2D, and within two years in patients with T1D. 37 With regard to macrovascular complications, epidemiologic data indicate that people with diabetes have a two-to fourfold increased risk of developing cardiovascular disease, which in turn is a key contributor of mortality. 38 
Hyperglycemia and vascular damage
Hyperglycemia contributes to the development of vascular complications through several mechanisms: activation of the polyol and hexosamine pathways, diacylglycerol-protein kinase C (DAG-PKC), increased production of advanced glycation end products (AGE), increased synthesis of growth factors, cytokines, and oxidative stress. 28, 39 The polyol pathway is implicated in the pathogenesis of vascular complications through the action of aldose reductase, the first and rate-limiting enzyme in this pathway.
Aldose reductase reduces the aldehyde form of glucose to sorbitol, which is then oxidized to fructose by sorbitol dehydrogenase and then again enters into glycolysis. In the context of hyperglycemia, the production of sorbitol overcomes the potential of its oxidation, with its consequent accumulation within the cells and dysregulation of the cellular osmotic status, reduction of Na + /K + -ATPase activity, cytosolic increase in NADH/ NAD + , and decrease in NADPH. 28 The hexosamine pathway converts fructose-6-phosphate into N-acetyl glucosamine, which has been implicated in the activation of the transcriptional factor Sp1, leading to increased synthesis of factors, such as transforming growth factor beta-1 (TGF-ß1) and plasminogen activator inhibitor-1 (PAI-1), which in turn are associated to the development of vascular complications. In addition, the hexosamine pathway is also associated with increased oxidative stress and the effects of the activation of this pathway can be prevented by overexpression of antioxidants, such as superoxide dismutase. Hyperglycemia can also stimulate de novo synthesis of DAG, followed by the activation of PKC, which in turn modulates the activity of various enzymes, including phospholipase A2, Na + /K + -ATPase, as well as the expression of genes related to components of the extracellular matrix. 28 AGEs have been implicated in several biologic activities, mostly by binding to the AGE-specific receptors (RAGEs) on many cells. In particular, they can induce oxidative stress and release of cytokines and growth factors, which in turn accelerate chronic inflammation and endothelial dysfunction. 
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The DCCT studied a cohort of 1,441 subjects, aged 13-39 years, with T1D for 1-15 years 42 by comparing intensive (insulin administered three or more times daily by injection or an external pump) versus conventional (one or two daily insulin injections) insulin therapy. Intensive insulin therapy reduced the risk for the development of retinopathy by 76%, slowed retinopathy progression by 54%, and reduced the development of proliferative or severe nonproliferative retinopathy by 47%. Intensive insulin therapy reduced the occurrence of diabetic nephropathy by 39-54% and that of clinical neuropathy by 60%. In the DCCT intensive treatment also reduced the risk of any cardiovascular disease event by 42% and the risk of nonfatal myocardial infarction, stroke, or death from cardiovascular disease by 57%. 42 Although already after 2 years from the end of the DCCT, HbA1c levels were similar between the previously intensively and conventionally treated groups, complication rates in the previously intensive treated group were still lower, thus postulating the concept of the "metabolic memory." 43 That is, patients who were previously exposed to better glycemic levels continued to have an advantage in terms of protection from the development of chronic complications several years later. Therefore, the EDIC study highlighted the need of implementing intensive management as soon as diabetes is diagnosed. This was further confirmed by more recent EDIC data showing significant differences in the persistence of the "metabolic memory" between the DCCT adolescent and adult cohorts. 44 At year 10 of EDIC the advantage of the previous intensively insulin treatment in terms of diabetic retinopathy progression still persisted in the adult cohort, whereas it did not in the adolescent cohort. These contrasting findings between adults and adolescents were largely explained by the difference in HbA1c during the DCCT years, when, within the intensively treated group, adolescents consistently showed a mean HbA1c 1% higher than adults. 44 The mechanisms underpinning this "metabolic memory" remain unclear.
However, recent data suggest that epigenetic modulations, such as histones and DNA methylation, may be involved in persistent changes of gene expression associated with vascular complications of diabetes and lead to metabolic memory. 45, 46 Of interest, a recent study demonstrated that specific microRNA (i.e., miR-125b and miR-146a-5) changes can cause persistent increase in proatherogenic gene expression and explain in this way the phenomenon of metabolic memory. 47 The key role of glycemic control in modulating complication risks highlighted by the DCCT/EDIC studies was also confirmed by large studies performed in adults with T2D, such as the UKPDS, where for example intensive treatment (insulin or sulfonylurea) resulted in a 25% decrease in microvascular complications. 48 
Chronic versus acute hyperglycemia in the pathogenesis of vascular complications
Hemoglobin A1C (HbA1c) is the main parameter which has been used for over 30 years to monitor long-term glycemic control. 49 HbA1c levels reflect blood glucose levels over a 2-to 3-month period, with plasma glucose levels in the preceding 30 days contributing 50% to the final result, and plasma glucose levels from 90-120 days earlier contributing only 10%. 50 The DCCT/EDIC, UKPDS, and several other studies have clearly shown the strong association between HbA1c and vascular complications of diabetes. 41, 48, 51 During recent years, the effect of long-term glucose variability, as assessed by the intraindividual variability of HbA1c values across visits, on retinopathy, nephropathy, and cardiovascular complications has also been documented. 52 However, HbA1c measurement does not give any information about individual daily glucose fluctuations (short-term fluctuations or acute hyperglycemia). In patients with marked fluctuations in glucose concentrations who are exposed to the risk of both hyperglycemia and hypoglycemia, HbA1c levels may still indicate adequate metabolic control. 53 Extensive evidence indicates that short-term fluctuations in glucose (acute hyperglycemia) can play a key role in the pathogenesis of diabetic vascular complications, independently from the effect on HbA1c. 53 Acute hyperglycemia can be due to high FPG and/or high PPG levels.
The contribution of FPG and PPG to long-term glycemic control varies across the range of HbA1c concentrations. In particular, it has been shown that, whereas the relative contribution of PPG decreases from the lowest to the highest quintiles of HbA1c, the relative contribution of FPG increases with higher levels of HbA1c. 53 Acute hyperglycemia has been associated with increased renal perfusion, hyperfiltration, increased oxidative stress, decreased motor and sensory nerve conduction, increased collagen production in the kidney, and increased retinal perfusion. All these mechanisms can contribute to the development of microvascular complications. 53 In addition, short glucose excursions can induce endothelial dysfunction, increase oxidative stress, activate coagulation factors, increase the expression of adhesion molecules, increase blood pressure, and dyslipidemia. Again, all these mechanisms can contribute to the development of macrovascular complications. 53 Although there is some increasing evidence for a role of acute hyperglycemia, such as PPG, in the development of vascular complications, there is still a need of further data, mainly obtained from interventional studies exploring drugs specifically targeting PPG.
Short-term glucose variability, which represents the intraday glucose fluctuations from peaks to nadirs, is another parameter, reflecting short-glucose fluctuations and which has been investigated in relation to diabetic vascular complications. 54 In vitro studies have shown a significant effect of glucose fluctuations in the activation of oxidative stress pathways, induction of epigenetic changes in key genes, and endothelial dysfunction. Several studies performed in patients with T2D have shown a direct association between glucose variability and the development or progression of retinopathy, cardiovascular disease and mortality. 55, 56 In contrast, some studies in patients with T1D have shown that glucose variability has a small effect on the development of diabetic complications, with few studies reporting an association with microvascular complications, whereas it appears that there is no link with macrovascular disease. 55, 56 Data from the DCCT showed no association between measures of glucose variability and microvascular
Complications of Acute and Chronic Hyperglycemia complications. 57 Similarly, another study in patients with T1D could not confirm the association found in patients with T2D between oxidative stress and glucose variability. 55 Further studies are required to clarify the role of glucose variability as a potential additional component in the network of vascular complications of diabetes.
Conclusions
Hyperglycemia is a well-known metabolic derangement, which can contribute to the development of serious acute (DKA, HHS) and chronic complications (micro-and macrovascular disease). Several studies have clearly shown a strong association between chronic hyperglycemia and the development of both micro-and macrovascular complications of diabetes.
In addition, there is growing evidence suggesting that acute hyperglycemia, particularly PPG, plays a role in the pathogenesis of complications.
In contrast, the role of glucose variability in the development of vascular complications is not yet clear.
Interventions able to reduce HbA1c can reduce the development or progression of vascular complications of diabetes. Further studies are required to clarify the impact of strategies targeting more specifically components of acute hyperglycemia, to improve outcomes in patients with diabetes.
